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COVER: Scientists have applied a wide range of tech- 
niques to analyzing extraterrestrial materials. This 
microscopic photograph (a little over one millimeter 
across the field of view) of a lunar basalt was made 
by shining polarized light through a wafer of rack 
(30 micrometers thick). The shapes and sizes of the 
minerals indicate that the rack crystallized in a lava 
flow. Pyroxene appears as orange and blue; the gray 
is feldspar. IMAGE: Courtesy of G. Jeffrey Taylor 
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Letters to the Editor 


We encourage our members to write us on topics related to the goals of The Planetary 
Society: continuing planetary exploration and the search for extraterrestrial life. 
Letters intended for publication should be short and to the point. Address them to: 
Letters to the Editor, P.O. Box 91687, Pasadena, CA 91109. 


On March 1, 1872 President Ulysses S. Grant signed into law a bill unique in all the world’s history; it 
created the first National Park —Yellowstone. It was a courageous act by Congress, forever closing to 
settlement an area of land the size of Delaware and reversing the established policy of transferring 
public land to private ownership. Yet no one outside of a few explorers and government surveyors 
had ever seen the Yellowstone country. The decision to set aside this area in perpetuity “as a public 
park or pleasuring-ground for the benefit and enjoyment of the people” was based entirely on the 
official reports of three expeditions, a collection of photographs by William Jackson and the enor- 
mous Canvases painted by Thomas Moran. 

An almost exactly analogous situation exists today. There are lands of extraordinary beauty and 
sites of unique historical importance that are known only via photographs or paintings —the Moon 
and our neighboring planets. Like the legislators of 1872, we have the opportunity to set aside these 
areas of unusual beauty, interest or history, which now seem inaccessible or useless. 

If the developers have not yet actually moved into these places, it is only because they are inacces- 
sible—at least to better than 99 percent of the human race. We know these places exist and if we can't 
get to them now, we haven't let that stop us from making plans against the time we will. The space colony 
concept is grandiose —but the material to build one will come from mining the Moon. Future space 
industries may feed upon the nickel and iron in asteroids. And, of course, there is the both fascinating 
and horrifying concept of “terraforming” — rebuilding whole planets into surrogate Earths. 

That few of the nation’s citizens could even get to Yellowstone Park didn't stop its creation—auto- 
mobiles weren't introduced into the Park until 1915, and fewer than 500 people per year entered the 
Park before 1877. So, is it too early to set aside certain places and objects in our solar system as 
untouchable? The same standards could apply that serve to select the National Parks, monuments and 
historical sites of the United States; places of unique or unusual scenic beauty or historic significance. 

It may seem farfetched to worry now about what may or may not happen to a crater or canyon on 
another world millions or even billions of miles from Earth. But in many ways this is perhaps the best 
time. The planets are still relatively untouched. Aside from our Moon, we've only reached out with 
our automatic probes and tentatively touched two other worlds. Little impedance will be put in the 
way of future developers by appropriating certain places now. Our Moon, for example, seems more or 
less the same all over in mineralogical content. So why take the chance of, say, having Hadley Rille 
stripmined when someplace a few kilometers away would do as well? 

It would be difficult to choose places for their scenic beauty based on what amounts to aerial pho- 
tographs, but it might be possible to nominate some likely candidates. On our own Moon (aside from 
human relics), it might be the crater Copernicus. The classic 1966 Lunar Orbiter photo shows it to be 
an unmistakably wild and beautiful landscape. What about the crater Tycho, with its wildly rugged 
floor; Mount Pico, the Straight Wall, or one entire mare? Once humans explore the surface of Mars, 
we will find natural wonders as yet unimagined, Like the Moon, there are places we've seen from 
orbit that are worth setting aside as inviolate now, like Olympus Mons or Valles Marineris. (NASA has 
already designated Viking Lander 1 on Chryse Planitia as the Thomas A, Mutch Memorial Station.) 

The ideal situation would be to have a special committee of the International Astronomical Union 
agree on an open-ended list of objects and features within the solar system that are to be forever free 
from development or destructive exploration. There would be, too, the side effect of drawing public 
attention to planetary exploration by the creation of the first interplanetary parks and memorials. 


RON MILLER, Fredricksburg, Virginia 


Getting Our Hands on the Universe 


hy Bevan M. French 


/ n the National Air and Space 
Museum in Washington, DC, 
a metal pylon stands just 
below the Wright brothers air- 
plane. Embedded in the pylon is 
a small black rock shaped like an 
arrowhead. People, young and 
old, approach it under the eye of 
a guard. One by one they 
advance, reach out their hands, 
touch the rock, and then walk 
slowly away, smiling or thought- 
ful. They have just done some- 
thing that was once impossible. 
They have touched a piece of the 
Moon. 

This “lunar touchstone,” first 
touched by a moonwalking 
Apollo 17 astronaut in 1972 and 
now accessible to the world, is a 
special symbol of our exploration 
of the universe. For just as a baby 
uses touch to explore its new 
environment, so our ability to 
reach out and grasp pieces of 
other worlds has given us unique 


The world’s only touchable lunar sample 
is displayed at the National Air and Space 
Museums Milestones of Flight gallery. 
The sample was returned to Earth in 
December, 1972 by the crew of Apollo 17. 
The rock, a hard, fine-grained basalt, 
was produced by volcanic activity some 
4 billion years ago. 

PHOTO: NATIONAL AIR AND SPACE MUSEUM 


ronment. Their unprotected sur- 
faces are pitted with tiny craters 
formed by cosmic dust, and they 
contain trapped atoms from the 
Sun and stars. Finally, to those 
with even longer views, extrater- 
restrial samples are the only exact 
prospecting assays for our plans 
to use material from the Moon 
and asteroids to support future 
endeavors in space. 

In this special issue, six scien- 
tists tell what rocks from space 
are like, how we collect and study 
them, and what they teach us 
about other worlds. The study of 
space rocks ranges across a 
dozen scientific disciplines and 
involves a wide variety of speci- 
mens—meteorites, lunar samples, 
and cosmic dust—from several 
worlds. Intertwined with the sci- 
entific research are other themes. 
There is the excitement that any 
collector feels at finding new and 
unknown specimens, whether on 


and exciting information about 
our cosmic surroundings. 

All of us, scientists and non-scientists alike, feel a certain 
awe at touching a lunar rock or holding in our hands a 
meteorite that was born with the solar system itself. But 
beyond the human thrill lies a realm of exciting discovery, 
for these solid rocks, studied on Earth with all the 
resources of our terrestrial laboratories, are essential to 
understanding the other worlds around us. 

The information we extract from returned samples 
would be unattainable by even the most complicated robot 
spacecraft. From one rock we can routinely obtain accu- 
rate measurements of more than 50 different chemical ele- 
ments (some of them present only in parts-per-billion), 
and with these data we can model the nature and chemical 
evolution of a whole planet. Precise age measurements, 
made with elaborate instruments in super-clean laborato- 
ries, provide fixed points defining the history of the solar 
system. 

Samples from airless worlds like the Moon and asteroids 
are also “space probes” that have sampled the cosmic envi- 


the Antarctic ice cap or at the 

bottom of the sea. There is the 
thought that the precious specimens of today may repre- 
sent the abundant ores for tomorrow’s space projects. And 
there are the hopes and plans for getting new samples 
from largely-unknown worlds. 

Our space rocks are a precious and growing storehouse 
of knowledge. We need to preserve and study them care- 
fully, and we need to obtain more. Without rock samples, 
we can never truly understand the other worlds we see, 
and we will remain like children outside a bakery window, 
able to examine the cakes and pastries only at long range, 
to marvel at their color and their form, but unable to learn 
what they are really like. 


Bevan M. French, NASA’s Discipline Scientist for Planetary 
Materials, is the guest technical editor for this special issue 
of The Planetary Report. He is the author of The Moon 
Book (Penguin Books, 1977), and he recently edited the 
highly successful NASA publication, A Meeting with the 
Universe. 


he Moon has not changed in the 

] 15 years since Neil Armstrong 
stepped off a ladder onto its dusty 
surface, but our ideas about it have 
undergone a revolution. The Moon 
rocks, the tangible achievement of a 
dream fulfilled in 1969, have become far 
more than anyone, scientist or astronaut, 
could then have imagined. From the 
Apollo landings and Soviet automated 
sample returns, Earthlings obtained 381 
kilograms (kg) of lunar rocks and soil to 
heft, examine, analyze and admire. And 
from these materials have come a host 
of revelations on the forces that shaped 
the early solar system, the early history 
of an Earthlike planet, and the histories 
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of the Sun and stars. 

One reason for studying the Moon is 
to learn the early history of Earth. The 
Moon is the only large body that we can 
readily study to find out what happened 
during and soon after the planets’ for- 
mation, 4.6 billion ‘years ago. On Earth, 
the record of our first 700 million years 
has been destroyed by our world’s own 
geological activity. The less-active Moon 
still contains that record, cryptically pre- 
served in its ancient rocks. 


Differing Chemistries 

There are fundamental chemical differ- 
ences between Earth and the Moon. 
Some of the first discoveries made from 


the Apollo 1] lunar samples were that 
Moon rocks have absolutely no water 
and no organic materials, and they con- 
tain much smaller amounts of other 
easily evaporated volatile elements such 
as sodium, than do Earth rocks. 

There are two different landscapes on 
the Moon. The highlands are higher, 
lighter in color, more rugged, and older 
than the maria, which are darker, 
smoother and younger. The highlands 
owe their rugged nature to the countless 
craters formed when large meteorites 
struck the Moon early in its history. 
Some of these craters are the size of 
Texas and were made by objects the size 
of Rhode Island. The younger maria also 


LEFT: This impact breccia was picked up in the 
lunar highlands during the Apollo 16 mission. When 
it formed, the rock was a molten mass laden with 
solid rock debris (white fragments). Large irregular- 
shaped areas are frozen gas bubbles. The metal dial 
above displays the number of the sample and the 
metal cube next to the rock indicates the direction 
the sample was facing when it was collected. 


have craters, but not as many, because 
the rate at which meteorites hit the 
Moon has decreased with time. 

The rocks of the highlands reflect the 
fierce battering that the early Moon 
received. Most of them, called breccias, 
are composed of broken fragments of 
other rocks. Many breccias contain rock 
fragments that are themselves breccias, 
some with still other breccias inside 
them. These complex rocks clearly show 
the important role that continuous 
meteorite impact played in shaping the 
ancient lunar surface. 

Almost all the minerals found in 
Moon rocks were already known from 
Earth rocks. The exceptions are three 


ABOVE: Astronauts collected this sample 
of mare basaft during the Apollo 17 mission. 
/t contains brownish pyroxene and ilmenite, 
and white feldspar. The holes are frozen 
gas bubbles called vesicles. 


LEFT: This magnificent specimen, 
collected by the Apollo 17 astronauts, is 
one of the few rocks from the lunar 
highlands to have escaped the intense 
bombardment the Moon suffered early 

in its history. It consists of feldspar (white 
to light gray) and olivine (yellow brown). 
The rock’s age of 4.5 billion years indi- 
cates that it was one of the first rocks 

to crystallize in the lunar crust. 


PHOTOS: JOHNSON SPACE CENTER/NASA 
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minerals that could form only under the 
waterless, low-oxygen conditions that 
prevailed on the Moon. One of them, an 
oxide of iron and titanium, was named 
armalcolite for the crew of Apollo 1] 
(Armstrong, Aldrin and Collins). 

Highland rocks are rich in the white 
mineral feldspar, a silicate of calcium 
‘and aluminum, Some rocks are com- 
posed almost entirely of feldspar. Others 
contain less feldspar and more of such 
minerals as olivine and pyroxene, which 
are silicates of iron and magnesium. 
Some unique highland rocks contain 
significantly more potassium (chemical 
symbol K), rare-earth elements (abbre- 
viated REE) and phosphorus (P) than 
do other lunar samples. This character- 
istic has earned them the nickname 
“KREEP” 

We can determine the ages of lunar 
rocks by measuring the abundances of 
certain radioactive elements. The origi- 
nal ages of most highland rocks have 
been reset by the shock and heating 
produced by huge meteorite impacts, 
and the numbers we obtain from these 
rocks tell us when the impact occurred. 
These ages cluster around 3.9 to 4.0 
billion years ago. Some rocks have 
escaped the ravages of meteorite impact 
and preserve older ages; a few of these 
rocks are as old as the Moon itself, 4.6 
billion years. 

The rocks of the lunar maria are quite 
different from those in the highlands; 
they are volcanic lavas rich in olivine, 
pyroxene and iron-titanium oxide min- 
erals. Called mare basalts, they formed 
when molten rock from the Moon's inte- 
rior came to the surface and flowed 
across it for great distances. 


The Moon's History 
The history of the Moon, partly revealed 
by the lunar rocks, goes back to the 
beginning of the solar system. When the 
Moon formed, 4.6 billion years ago, its 
outer several hundred kilometers was 
extensively melted, either by the energy 
released by smaller bodies crashing into 
the growing Moon or by the heat gener- 
ated by short-lived radioactive elements 
such as aluminum-26, As this ocean of 
molten rock (magma) crystallized, the 
feldspar crystals, which were lighter, 
floated to the top, forming the feldspar- 
rich highlands. Denser minerals contain- 
ing iron and magnesium tended to sink 
to the bottom. This stage of lunar history 
was completed 4.4 billion years ago. 
Soon after the crust solidified, new 
magmas, formed by melting inside the 
Moon, invaded the crust. These crystal- 
lized to form younger highland rocks 
that contain less feldspar than do the 
older, feldspar-rich rocks. At the same 
time, the KREEP rocks formed by melt- 
ing inside the Moon, and much of the 
molten material erupted in lava flows. 
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This period ended about 4.0 billion 
years ago. 


At the same time, huge meteorites 
bombarded the Moon, melting, mixing 
and demolishing the original bedrock 
and reducing the outer several kilome- 
ters of the Moon to a cratered rubble 
pile. The period of intense bombard- 
ment lasted until 3.9 billion years ago; 
then the impact rate decreased rapidly. 
The enormous circular basins on the 
Moon were excavated near the end of 
the intense bombardment. 

Finally, the deep interior of the Moon 
began to melt from the heat produced 
by such radioactive elements as ura- 
nium and thorium. The regions at 
depths between 100 and 500 kilometers 
partially melted, producing new 
magmas. These reached the surface and 
flowed into the great impact basins. 
There the rocks crystallized, forming the 
dark lavas that make up the lunar maria. 
This period lasted from 3.9 to about 3,0 
billion years ago. 

By then, the Moon’s heat was appar- 
ently exhausted. Since then, it has been 
geologically quiet and nearly inert. Not 
much has happened on its lonely sur- 
face, except for occasional meteorite 
impacts and a few recent visits by crea- 
tures and machines from a nearby 
planet. 


Unanswered Questions 

The most fundamental unsolved prob- 
lem about the Moon is how it formed. 
Before Apollo, there were three theories: 
formation with the Earth as a double- 
planet system, fission from Earth, and 
formation elsewhere followed by cap- 
ture by Earth. All three theories are still 
alive and well, but studies of lunar sam- 
ples have placed limits on some of 
them. For example, if the Moon spun off 
from Earth, it could have done so only 
when Earth formed 4.6 billion years ago 
and not more recently. However, the 
Moon's origin remains unsolved, and 
before we can solve it, we must fill up 
some gaping voids in our knowledge 
about our natural satellite. 

Although the outline of lunar history 
described above seems generally cor- 
rect, it is still not detailed enough. We 
need additional research to discover the 
full range of lunar rock types and to 
understand the physics and chemistry of 
the huge ocean of molten rock that 
existed on the ancient Moon. 

The Moon is asymmetric. Almost all 
the dark maria are on the Earth-facing 
side of the Moon, and the KREEP rocks 
are much more abundant on the west- 
ern half of the Earth-facing side than 
elsewhere. Why? Do these surface differ- 
ences reflect lateral or vertical variations 
in the Moon’s crust, or are they caused 
by deeper variations in the Moon, at 
depths below about 60 kilometers? Have 
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the enormous impacts produced some 
of the differences, or have they simply 
blurred even more pronounced, primor- 
dial variations? Answering these ques- 
tions requires continued study of Moon 
rocks, including the mare lavas, which 
originated deep in the Moon. 


Filling the Gaps 

Can we make progress on problems by 
studying the 281 kilograms of Moon 
rocks and soil carefully preserved in 
Houston? Can we really learn more from 
the same rocks after 15 years of intense 
study? Without a doubt! Each year sev- 
eral new rock types are discovered by 
painstaking examination of the complex 
highland breccias and lunar soils, which 
contain thousands of individual rock 
fragments, patiently wailing for us, 

The work goes forward, and it is slow, 
careful and exciting. Recently my col- 
league, Dr. Cyrena Goodrich, and | went 
to NASA's Planetary Materials Labora- 
tory in Houston, where the lunar sam- 
ples are stored in dry nitrogen gas in 
special cabinets to protect them from 
contamination by Earth's oxygen-rich, 
wet and dusty atmosphere (see he 
Planetary Report, July/August 1982), 
The laboratory air smells strange 
because there is nothing in it; it is dry 
and carefully filtered to remove all dust. 
The laboratory personnel look like a 
surgical team, wearing special nylon 
“bunny suits,” hats and gloves. 

We had been there several times 
before to look at lunar rocks. This trip 
was to examine a freshly-cut slab of a 
complex highland breccia returned by 
Apollo 14 in 1971, Decked out in our 
bunny suits, Cyrena and I peered 
through the windows of the stainless 
steel cabinet at a 10-by-20 centimeter 
slab of lunar rock. Hundreds of small 
rock fragments were visible on its sur- 
face, varying from white to charcoal 
gray in color and from less than a milli- 
meter to several centimeters in size. 
Reaching into the cabinet with special 
builtin gloves, we moved the slab 
enough to see that one fragment was a 
granite, an abundant rock on Earth, but 
a curiously rare one on the Moon. 
During the next two weeks, carefully 
looking and chipping, we separated 
about 30 bits of different rock types 
from the parent breccia. It will be a year 
before the chemical and mineralogical 
analyses are completed. Only then will 
we be able to tell where this new infor- 
mation fits into the overall picture of 
lunar history. 


G. Jeffrey Taylor is a research scientist at 
the University of New Mexico's Institute 
of Meteoritics. He has written numerous 
papers about lunar rocks and is also co- 
author of a science-fiction novel, |mpact 
(Leisure Books, 1979). 


METEORITES: 
Little Rocks with Lots of History 


hy Harry Y. McSween, Jr. 


rock in the hand is worth 2,000 in the sky. As we 
found from insights made possible by the re- 
turned lunar samples, there is no substitute for 
the detailed study of actual rock samples of other worlds. 

For samples from beyond the Moon, we must turn to 
meteorites. The records preserved in these migratory 
chunks of matter that have somehow come to Earth are 
difficult to read, but recent studies of them have revolu- 
tionized our understanding of the origin and early evolu- 
tion of the solar system. Meteoritics (the study of 
meteorites) is very much an interdisciplinary effort, requir- 
ing the skills of scientists trained in geology, chemistry, 
physics and astronomy. What follows is a summary of 
some of the most exciting recent discoveries and unsolved 
problems in meteorite research. 

Many people tend to think of meteorites as chunks of 
metal, but most meteorites observed to fall are rocks. /ron 
meteorites are easily recognized and are thus probably 
over-represented in museum collections. The more 
common stony meteorites can be divided into two main 
groups, the chondrites (from a Greek word meaning 
“seeds,” an allusion to their being made up of many small, 
round objects called chondrules) and achondrites (‘with- 
out chondrules,” actually igneous rocks that have crystal- 
lized from molten lavas). 

Chondrites are especially important because they pro- 
vide the best estimates for the age of the solar system. The 
time of chondrite formation was about 4.6 billion years 
ago, as determined from measurements of radioactive iso- 
topes with known rates of decay. Chondrites also contain 
evidence of other now-extinct radioactive isotopes that 
decayed very rapidly, suggesting that the time between the 
solar system's beginning and the formation of chondrites 
was very short (in the geological sense), possibly only a 
few tens of millions of years. 

One particularly exciting discovery is that many of these 
isotopic signatures could only have been produced during 
the massive explosion of a star. These short-lived isotopes 
could have been incorporated into chondrites only if the 
explosion was nearby, a fact that has led some scientists 
to argue that a nearby star-blast triggered the formation 
of our solar system. They suggest that the shock wave 
from the explosion compressed interstellar gas and dust 
to the point where continued collapse due to gravity could 
occur, eventually forming the central Sun and the planets 
around it. 

Chondrites’ chemical compositions closely match that of 
the Sun, except for gases such as hydrogen and helium. 
Because almost all of the mass of the solar system is in the 
Sun, we say that chondrites have an average solar system 
composition, not altered appreciably since they formed, in 
contrast to planetary samples whose compositions change 
each time they undergo melting or other kinds of geologi- 
cal processing. Thus chondrites can be thought of as left- 
over original planetary building blocks. 

Many chondrites do appear to have suffered some alter- 
ation by heating, but some have not. These provide an 
unparalleled record of early solar system processes. White 
inclusions contained in some of them consist of minerals 
that could have formed only at high temperatures in the 
original solar nebula, the cloud of gas and dust surround- 
ing the early Sun. Scientists are now debating whether 
these white inclusions condensed from hot vapors or 


whether they are residues from evaporation as the nebula 
was heated up during its collapse into the Sun. In either 
case, the white inclusions are probably the oldest bits of 
solid matter remaining in the solar system. These objects, 
together with the other components of chondrites such as 
metal grains, are telling us how various groups of elements 
separated as the solar system formed, and why the planets’ 
compositions vary. 

Some chondrites even contain organic molecules 
(mostly long chains or rings of carbon atoms connected to 
hydrogen and oxygen), as well as complex amino acids. 
Most of the organic units that make up DNA and RNA (the 
carriers of genetic information in living organisms) have 
now been found in chondrites. Although these compounds 


ABOVE: 

This piece of 
the Allende 
meteorite, 
which fell in 
Mexico only 
three months 
hefore the 
Apollo 11 
samples came 
hack from the 
Moon, contains 
white inclusions 
that may be 
among the 

first bits of 
solid matter 

to form in the 
original solar 
nebula. 


LEFT: 

A young 
Mexican 
meets extra- 
terrestrial 
visitors — 
some large 
pieces of 
the Allende 
meteorite, 
which fell 
in 1969. 
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were not formed by living things, their occurrence in 
meteorites suggests that the raw materials for life were 
present throughout the early solar system. Indeed, part of 
the carbon in chondrites may have formed outside the 
solar system as interstellar dust. 

Many chondrites are breccias, rocks composed of angu- 
lar fragments of other rocks. Such breccias were formed 
when colliding meteorites crushed and mixed together the 
various rocks on the surfaces of the meteorite parent 
bodies. In some cases these breccias formed a kind of 
rubble on the surface of their parent planets. Similar brec- 
cias found on the Moon preserve a record of the ancient 
solar wind and solar flares in the form of trapped gases 
from the Sun. The lunar and meteorite breccias are some- 
what similar, but the meteorite breccias are older, thus 
extending the historical record of the Sun back to the earli- 
est days of the solar system. The magnetic properties of the 
chondrites also provide evidence for an early strong mag- 
netic field in the solar system that has since disappeared. 

The achondrites are very different from chondrites. 
Instead of accreting from small, cold objects, they crystal- 
lized from melts, like lavas on Earth. However, the mineral 
composition of achondrites indicates that most of them 
could have formed if a chondrite parent body was melted. 
Their ages are also about 4.6 billion years, indicating that 
this melting occurred very soon after the chondrite parent 
bodies formed. 

lron meteorites look quite unlike other meteorite types, 
but they are probably related to achondrites. Most of them 
have ages of about 4.6 billion years, although a few are a 
little younger. We have determined the rates at which iron 
meteorites cooled and so can estimate the depths at which 
they formed within their parent bodies. Most iron meteor- 
ites have fairly rapid cooling rates, suggesting that they 
formed as cores within very small parent bodies or as 
metal accumulations dispersed throughout the bodies. 
These concentrations of metal may have melted and col- 
lected during episodes of partial melting. 

All of this information about meteorites raises an 
obvious question—where do they come from? Some types 
of chondrites may be the nuclei of burned-out comets. 
However, most meteorites were probably once parts of 
asteroids orbiting between Mars and Jupiter. We have 


A single chondrule 
from the Chainpur 
meteorite, only a 
tenth of a millimeter 
across, displays a 
network of crystals 
and glass that 
formed during the 
earliest moments of 
the solar system. 
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determined the orbits of several meteorites before Earth 
impact; they are elliptical, and the most distant orbital 
points lie in the asteroid belt. Certain meteorite types can 
even be assigned to individual asteroids. The spectrum of 
sunlight reflected from an asteroidal surface can be com- 
pared with the spectrum obtained in the laboratory from 
powdered meteorites. Close matches allow certain aster- 
oids to be recognized as possible parent bodies for chon- 
drites, achondrites and iron meteorites. Gee The Planetary 
Report, July/August, 1983.) 

Knowing the chemistry of meteorites is also important 
for interpreting geological events on Earth. For many years 
geologists have debated the causes of the simultaneous 
extinction of many animal species at certain times in the 
past. The most well-known of these events is extinction of 
dinosaurs at the end of the Cretaceous period, about 65 
million years ago, but mass extinctions have also occurred 
at other times. Recently, scientists have found, at widely 
separated places on Earth, high concentrations of noble 
metals such as gold and iridium in sediments deposited at 
the end of the Cretaceous period. Chondrites have much 
higher amounts of these elements than terrestrial crustal 
rocks, so the implication is that a large meteorite struck 
Earth at that time. The impact might have thrown enough 
pulverized rock into the atmosphere to alter the environ- 
ment and cause the extinction. However, similar concentra- 
tions of noble metals found at other stratigraphic intervals 
suggest that other impacts occurred without causing 
extinctions. 

Much of the information gained from meteorites cannot 
be presently obtained from any other source. Meteoritics 
attempts to answer major questions about the age and 
origin of the solar system, the chemical composition and 
evolution of the Sun and planets, the presence of ancient 
magnetic fields and heating events, and the internal and 
surface processes on planets and asteroids. The scientific 
value of meteorites is vast in relation to their limited quan- 
tity, and the secrets contained in these extraterrestrial gifts 
have only begun to be unraveled. 


Harry ¥. McSween is a Professor of Geological Sciences at 
the University of Tennessee and a long-time worker on 
achondrite meteorites, especially the possible Martian ones. 
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na truly dark night sky one can 

actually see the faint glow of 

sunlight reflected off a thin 

cloud of dust that fills the space 
between the planets. This glow, called 
the zodiacal light, appears as a cone of 
light around the Sun, and it extends 
upwards from the eastern horizon 
before dawn and above the western 
horizon after sunset. 

Study of the zodiacal light in the early 
part of this century provided the first 
evidence that the space between the 
planets was not a complete void. There 
are only a few dust particles in each 
cubic kilometer of space, but Earth 
sweeps up nearly 10,000 tons of this 
material each year as it swings around 
the Sun. Spacefaring humans regard this 
dust in two ways. On one hand, it is a 
minor hazard to spacecraft. On the 
other, it is a highly sought-after sample 
of well-preserved material from the 
early solar systemm— perhaps even from 
interstellar space. 

None of this dust has been around for 
very long. Even sunlight can exert 
enough force on a microscopic dust par- 
ticle to cause it to spiral into the Sun in 
less than a million years. Collisions in 
space destroy many particles even faster. 
So here is a paradox: Individual dust 
particles are short-lived, and yet the 
zodiacal dust cloud seems to have 
existed for most of the age of the solar 
system. The solution: The dust cloud 
must be replenished by fairly continu- 
ous supplies of fresh dust. Where does it 
come from? The most likely sources are 
the small bodies of the solar system, 
asteroids and comets. Some of the dust 
might come from interstellar space. 

Comets are obvious suppliers of dust; 
they develop huge visible dust tails 
when they get close to the Sun. (They 
also release the millimeter-sized and 
larger particles that produce the annual 
meteor showers.) Comets are composed 
of ices and dust; when they approach 
the Sun, the ices vaporize, and the dust 
particles are released and pushed out- 
ward by the escaping gas. Asteroids 
should also produce dust particles when 
they collide with each other, but there is 
no direct evidence yet for any dust in 
the asteroid belt. 

Both comets and asteroids are 
thought to be relatively unchanged 
objects left over when the larger planets 
formed, and dust from these objects 
should contain preserved clues about 
the origin of the solar system. Cometary 


The smallest pieces of the solar 
system begin to tell their stories 


by Donald E. Brownlee 
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ABOVE: To collect pieces of comets from the deep oceans, 

a magnetic sled, the “cosmic muck rake,” is lowered from 

an oceanographic research vessel to pull extraterrestrial 

particles out of the deep-sea muds. BELOW: Collected from 

1454 ocean sediments five kilometers down, hundreds of extra- 

os =" terrestrial spherules await detailed study and analysis. 
PHOTOS: Courtesy of the author 
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dust is of particular interest because 
comets must have formed in the outer- 
most fringes of the original solar nebula, 
where temperatures were low enough 
for ices to form and survive. In these 
distant regions, it is even possible that 
some of the interstellar dust particles 
that helped form the solar system were 
trapped and preserved in the icy 
comets. 

Many of the early studies of cosmic 
dust were spurred by fear as well as by 
curiosity. When the first measurements 
of cosmic dust in space were begun, 
shortly after World War II, many were 
concerned that such dust, striking satel- 
lites with typical impact velocities of 15 
kilometers per second (km/sec) would 
be a serious threat, and many early 
spacecraft carried devices to detect and 
measure dust impacts. The fears that 
satellites would be hopelessly sand- 
blasted after only a few years in orbit 
were quickly dispelled by the survival of 
the first satellites themselves, but assess- 
ment of the dust hazard is still going on. 

This hazard, although small, is not 
negligible, especially for large spacecraft 
or long missions. Both our Space Shuttle 
and the Soviet Salyut space station 
recently had to replace windows hit by 
dust particles large enough to produce 
visible craters. On July 27, 1983, the 
Salyut 7 cosmonauts actually heard a 
loud crack as an impact pit several milli- 
meters across suddenly appeared in their 
spacecraft window. The cosmonauts 
described the impact — with considerable 
understatement— as “an unpleasant sur- 
prise.” The most serious dust hazard is 
near a comet, where the dust density is 
high. Both the Soviet VEGA and the 
European Giotto spacecraft will run 
considerable risks during their high- 
speed flybys past Halley's Comet in 
March, 1986. Although Giotto carries a 
massive shield, it still may have only 
a 50-50 chance of surviving, even at 
the presently proposed flyby distance of 
500 km. 

More recently, spacecraft have taken 
good measurements of cosmic dust, 
especially by the Pioneer spacecraft, and 
better dust detectors will be included on 
such future planetary missions as the 
Galileo Jupiter mission and the Euro- 
pean Solar Polar Mission. Several differ- 
ent kinds of dust measurements are 
planned for the European Giotto and 
Soviet VEGA missions to Halley's 
Comet, thus collecting unique informa- 
tion about cosmic dust directly at one of 


A melted 
spherule of 
extraterres- 
trial matter, 

_ collected from 
the deep ocean 
floor, shows 
a beautiful 
arrangement 
of crystals 
when seen by 
an electron 
microscope. 
Most of the 
crystals are 
the minerals 
olivine and 
magnetite. 
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its best-known sources. 

An alternative approach is to collect 
interplanetary dust in space and bring it 
back to a terrestrial laboratory for 
detailed examination. The obvious way 
to collect cosmic dust is to put a dust- 
catcher in space, leave it there awhile, 
and then return it to the laboratory. This 
turns out to be a very difficult experi- 
ment. Unless the catcher is very large or 
is exposed for a very long time, it will 
collect only a few particles, and these 
particles would strike the catcher at such 
high velocities (10 to 50 km/sec) that 
they would vaporize and make tiny cra- 
ters. Early experiments of this type were 
flown on the US manned Mercury and 
Gemini spacecraft, and the first genuine 
particle impact craters were collected on 
Gemini 12. Some new and improved 
experiments of this type will be flown on 
the Long Duration Exposure Facility 
(LDEF), a rack of experiments which 
will be launched from the Space Shuttle 
in April, 1984, and recovered from space 
a year later. 


PIECES OF COMET 

Oddly enough, we can collect unaltered, 
unmelted comet particles even closer to 
home, simply by collecting them after 
they enter Earth’s atmosphere. These 
particles enter the atmosphere at high 
velocities, in excess of 11 km/sec, and 
they are slowed down by collisions with 
air molecules, becoming heated by fric- 


tion in the process. Particles smaller 
than 0.1 millimeter (mm) in diameter. 
slow down at altitudes above 80 km, 
where the air is very thin. As a result, 
the frictional heat builds up slowly, and 
the small particles can radiate the heat 
without melting. (Larger particles pene- 
trate deeper into the atmosphere before 
slowing down and usually melt, forming 
droplets called meteor ablation spher- 
ules.) The smaller, unmelted particles 
(called micrometeorites) are rare (only 
about one in 1000 cubic meters of air), 
but they are abundant enough to be col- 
lected directly from the atmosphere 
before they fall to the ground. 

The first real micrometeorites were 
collected in 1970 using a large air sam- 
pling collector flown on a balloon at an 
altitude of 34 km. Since 1974, the NASA 
Ames Research Center in California has 
routinely collected cosmic dust with a 
U-2 aircraft, which can carry several 
sticky plastic plates into the clean air at 
altitudes of about 20 km. Since 1974, 
U-2's and other high-altitude aircraft 
have collected over 500 extraterrestrial 
particles. Recently, NASA’s Johnson 
Space Center developed a special labo- 
ratory for preserving these particles and 
distributing them to scientific investiga- 
tors all over the world. 


DEEP OCEAN COLLECTING 
Extraterrestrial particles larger than 0.1 
mm are too rare to be collected in the 


atmosphere, but they can be conven- 
iently collected from the deep ocean 
floor. The melted particles are magnetic, 
and the particles can thus be easily 
separated from the sediment with a 
magnet, an experiment done over a cen- 
tury ago on the first sediments ever 
recovered from the deep ocean floor. 
More recent collectors use a magnetic 
sled that is towed across the ocean floor 
at a depth of 5 km by an oceanographic 
research vessel. More than 100,000 
cosmic spherules have been collected in 
this way; they range in size from 0.1 mm 
to 3 mm in diameter. 

These particles are important, even 
though they have melted in the atmo- 
sphere and then been altered on the sea 
floor, because they are probably a repre- 
sentative sample of the millimeter-sized 
particles in space, a population that pro- 
duces meteors or “shooting stars” in the 
atmosphere. Extensive studies have 
shown that most of the millimeter-sized 
particles that produce meteors are 
pieces of comets. 

Because the tiny stratospheric parti- 
cles (micrometeorites) are less altered, 
scientists have studied them most exten- 
sively. We have applied to them nearly 
all laboratory analysis techniques that 
can be used on such small (0.01mm) 
particles, and in many cases the studies 
of dust have actually advanced the state- 
of-the-art of the analytical methods. The 
most common micrometeorites have 


the same relative abundances of the 
chemical elements that are found in the 
Sun and in primitive meteorites. In 
descending order of abundance, they 
are oxygen, iron, magnesium, silicon, car- 
bon, sulfur, nickel, aluminum, calcium 
and sodium. The less abundant elements 
in micrometeorites also adhere to this 
“solar” pattern, which is the composition 
expected for primitive materials that 
formed in the early solar nebula and 
which have not been subjected to later 
chemical processes. 


TINY CRYSTALS 

Many dust particles appear as black, 
porous aggregates of very tiny crystals. 
Their chemistry closely resembles that 
of the primitive carbonaceous chondrite 
meteorites, but their structure and min- 
eral composition are different from all 
other known extraterrestrial materials. 
Some of these particles are so porous 
that they are extremely fragile, totally 
unlike the solid meteorites we have long 
been used to. 

Current studies of micrometeorites 
concentrate on their origin and evolu- 
tion. We have detected high levels of 
helium and other rare-gas elements 
derived from the Sun, indicating that 
most of the particles were truly micro- 
scopic objects in space and not just fine 
debris from larger objects that broke up 
in the atmosphere. Highly magnified 
views obtained with electron micro- 


scopes have revealed tiny crystals of sili- 
cate and carbide minerals in forms that 
have never before been seen in mete- 
oritic materials. Some of these crys- 
tals resemble material formed directly 
by solidification from vapor, a process 
which may have occurred during the 
origin of the solar system or even earlier 
—in interstellar space. Some of the dust 
particles may in fact have an interstellar 
signature; recent measurements of their 
hydrogen show large enrichments in 
deuterium or “heavy hydrogen.” Radio 
astronomers have detected similar 
enrichments in interstellar clouds. 
Studies of the larger deep-sea spher- 
ules have emphasized their chemical 
and isotopic composition. Measure- 
ments of the isotopes of strontium in 
individual spheres support the idea that 
the spheres are indeed extraterrestrial 
and that they have an age comparable 
to the age of the solar system, or about 
4.6 billion years. Measurements of radio- 
active atoms produced by cosmic rays in 
space indicate that the spheres came 
from bodies that were themselves small 
and that had been exposed to cosmic 
rays in space for at least a million years. 
The chemical composition of the 
spheres shows that at least 80 percent 
of them came from material similar 
to primitive carbonaceous chondrite 
meteorites. These meteorites are rare in 
current meteorite collections, but are 
probably a very common type in space. 


STUDYING THE DUST 

Studies of interplanetary dust began 
over a century ago when the first parti- 
cles were successfully collected from 
deep-sea sediments. Only 25 years ago, 
the field expanded further when the first 
satellites were launched into space. Now 
cosmic dust research is in a new fer- 
ment generated by new technology, 
expanded opportunities for space exper- 
iments, and new techniques for collect- 
ing dust particles from the stratosphere. 
At the same time, spacecraft studies of 
cosmic dust have taken on a new impor- 
tance as we have come to realize how 
many different objects may contribute 
dust to interplanetary space—sources 
as diverse as the dust coma around a 
comet, the planetary rings around Jupi- 
ter, Saturn and Uranus, and the sulfur 
volcanoes of lo. The expanding collec- 
tion and study of cosmic dust will pro- 
vide a wide range of new vistas—the 
nature of comets, the formation of the 
solar system, and the nature and behay- 
ior of dust in the distant gulfs of inter- 
stellar space. 


Donald E. Brownlee is a Professor of 
Astronomy at the University of Washing- 
ton, Seattle. A pioneering and enthusias- 
tic collector of cosmic dust, he has also 
been involved in studies of lunar sam- 
ples and in the design of spacecraft 
experiments to collect cosmic dust in 
space. 


Collected hy 
a high-flying 
U-2 aircraft, 
this tiny 
particle of 
extraterres- 
trial dust, 
only a few 
hundredths 
of a milli- 
meter across, 
displays an 
aggregate of 
even tinier 
crystals. 
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trapped securely in our canvas seats, we lis- 
tened through earphones as the pilot maneu- 
vered the shuddering vehicle to a landing. Pushing open 
the door, we tumbled out in our clumsy, overstuffed suits 
and, crouching low to avoid the whirling rotor blades, 
scuttled across the windswept ice. We were not a party of 
astronauts landing on Mars or Ganymede; we were mem- 
bers of Project $-058 of the National Science Founda- 
tion’s Division of Polar Programs, and we were searching 
for meteorites in Antarctica. 

No expedition on Earth more closely simulates plane- 
tary exploration. The effort takes one to the white interi- 
or of the highest, coldest, windiest, driest and most 
remote of continents, the one that remained hidden 
from the most enterprising European explorers until 
1820, and the only continent showing no traces of indige- 
nous human habitation. Like the Apollo missions and 
flights of the Space Shuttle, Antarctic expeditions are 
meticulously coordinated so that teams of scientists can 
carry out field work as quickly and efficiently as possible 
and go home to analyze their data. And, like space mis- 
sions, Antarctic expeditions stress safety first. Every 
United States field party makes daily radio contact with 
McMurdo Station to report its progress and state of well- 
being. Failure to do so for a 24-hour period prompts a 
rescue mission—no excuses are valid. 

The comparison with a planetary mission is especially 
appropriate for Project $-058, whose purpose is to dis- 
cover and collect samples that have fallen to the ice 
sheet from outer space. The search is notrandom. Within 
the past ten years we have learned that meteorites, 
which fall at different times and places on the vast polar 
icecap, are frozen in and carried seaward by the ice at a 
rate of 1 to 10 meters per year. As many as 95 percent of 
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the meteorites probably reach the edges of the continent 
and vanish out to sea in icebergs. 


CARGOES OF METEORITES 

If, however, the horizontal flow of the ice is stopped by a 
mountain barrier, the stagnating ice will push upward 
against it, bringing its cargo of meteorites to the surface 
where they sit, all types mixed together, like windfall 
apples waiting to be harvested. These astonishing con- 
centrations of extraterrestrial materials may be spotted 
from low-flying helicopters, which can then land to allow 
their bundled-up passengers to jump out and determine 
whether the black dots on the blue ice are meteorites or 
terrestrial “trash” rocks. If they are meteorites, a tent 
camp will be set up nearby where the search party can 
live for weeks, photographing each specimen in situ, 
charting its location and collecting it with sterile proce- 
dures patterned after those used for lunar rocks by the 
Apollo astronauts. 

The first meteorite concentration was discovered en- 
tirely by accident when a party of Japanese glacial geolo- 
gists found nine meteorites on an expanse of bare ice 
inland from the Yamato Mountains. They sent the speci- 
mens home supposing they were all pieces of the same 
meteorite. But laboratory analyses revealed that the 
group included fragments of at least four different class- 
es of meteorites! This totally unexpected observation, 
first reported in 1973, aroused great excitement interna- 
tionally. Antarctica was clearly the place to look for me- 
teorites. Nowhere else is there such a huge catchment 
area, a vast dome of ice that covers 12 million square 
kilometers (km) and has a maximum thickness of 4800 
meters. Here both stony and metallic materials can be 
protected by a frigid climate from ordinary weathering 


FORITES ON ICE 


and erosion and carried to concentration sites somewhat 
like the placer deposits of gold or precious stones cre- 
ated by mountain streams. 


SEARCH FOR METEORITES 

Japanese scientists returned to the Yamato Mountains 
icefields, specifically to search for meteorites, in the aus- 
tral summer of 1973 and subsequent seasons. Beginning 
in 1976, members of Project S-058, led by William A. 
Cassidy of the University of Pittsburgh, have made 
annual trips to icefields along the interior flank of the 
Transantarctic Mountains within helicopter range of 
McMurdo Station. To date, more than 6000 meteorite 
specimens have been collected from these two areas 
3000 km apart on opposite sides of the Antarctic conti- 
nent and then shipped, still frozen, to curatorial facilities 
in the United States and Japan. The United States collec- 
tions alone have supplied research samples to more than 
ninety laboratories in thirteen countries. 

It will be a long time before we really know how many 
individual meteorites are represented by the thousands 
of fragments collected in Antarctica. Many of the mete- 
orites undoubtedly exploded during passage through the 
atmosphere and fell in showers of small fragments. If, 
for example, each meteorite is represented by ten frag- 
ments, then the Antarctic program has already added 
about 600 new meteorites to the world’s collections— 
which, in 1969, included some 2100 cataloged meteor- 
ites, accumulated over more than two centuries. 

The actual numbers of meteorites are not nearly so 
important, however, as the fact that the Antarctic collec- 
tions include new varieties of meteorites and new speci- 
mens of very rare ones. Still more spectacularly, one 

(continued next page) 


Antarctic meteorite has proved to be the first sample 
from the Moon ever found on Earth, and two Antarctic 
meteorites are strongly suspected to have come from 
Mars! 


SOMETHING SPECIAL 
From the moment specimen ALHA 81005 was spotted 
lying on a patch of ice thirty km from camp on the final, 
windy afternoon of the 1981-1982 field season, it was 
recognized as special. No other meteorites have large 
white clasts (fragments) embedded in a dark, glistening 
matrix; no others have so frothy a greenish-tan fusion 
crust. Analyses made early in 1983 led to an identifica- 
tion that was quick and positive: The rock is from the 
Moon. It closely resembles Apollo 16 rocks in mineral, 
chemical and isotopic composition, and it differs from all 
other meteorites in these respects. Itis a breccia in which 
fragments of several familiar lunar rock types, predomi- 
nantly from the highlands but also including sparse 
pieces of mare basalts, are mixed with glassy spherules 
and embedded in a matrix of dark glass. The spherules 
and the wide variety of rock fragments earmark this 
unique meteorite as a sample of lithified lunar soil. 
This lunar rock confounds numerous calculations, 
based on computer modeling and laboratory experi- 
ments. These data suggest that any lunar materials ac- 
celerated to escape velocity (2.4 km per second) would 
have to come from deep in the lunar crust and would be 
melted to glass. Somehow, this plum-sized, 31-gram 


sample of lunar soil was blasted off the Moon and landed 
on Earth with no more shock damage than many a rock 
the astronauts picked up and carried home. 


A MARTIAN ROCK? 
If lunar rocks are not expected to come to Earth intact, 
how about Martian rocks, which must be accelerated to 
5 km per second to get off their own planet? Despite the 
horrendous theoretical difficulties, two Antarctic mete- 
orites, and seven collected on other continents, appear 
to have come from Mars. The evidence is circumstantial 
but is becoming increasingly persuasive. These meteor- 
ites are coarsely-crystalline rocks called shergottites, 
nahklites, and chassignites (or SNC meteorites) which 
crystallized from molten lavas only 1.3 billion years ago. 
This great age is still remarkably youthful compared with 
the 4.6-billion-year age of other meteorites. Only a large, 
well-insulated planetary body —much larger than aster- 
oids and even larger than our Moon, which ceased its 
volcanic activity more than 3 billion years ago—could 
have retained sufficient internal heat or generated 
enough radioactive heat to be volcanically active when 
the SNC meteorites formed. Which large body could it 
be? Mercury and Venus are poor prospects, as are the 
giant outer planets, so we are left with one prime 
suspect: Mars. 

Mars lies close to the inner margin of the asteroid belt 
and its suface shows scars of heavy bombardment. But 
Mars also supports the largest volcano in the solar 


A slice of the Moon, this is how the lunar meteorite ALHA81005 (inset) looks under the microscope. 
It is a mixture of various lunar rock fragments and once-molten glass. Puoros: nasa 


system, and the lava plains skirting Olympus Mons are 
only sparsely pocked with impact craters. Mars, then, 
has been volcanically active in comparatively recent 
times. How recent we cannot be certain, but 1.3 billion 
years before the present seems well within the realm of 
possibility. 

The case for a Martian origin has been strengthened 
by investigation of an Antarctic shergottite found in 
1979. Unlike all of the other SNC meteorites, this speci- 
men contains conspicuous pods of dark glass rich in 
trapped gases, including argon, krypton, xenon and ni- 
trogen. These gases occur in relative abundances and 
have isotopic ratios similar to those measured in the 
Martian atmosphere by the Viking Landers. Was this par- 
tially shock-melted meteorite exposed to the Martian at- 
mosphere just long enough to trap a sample of it during 
its lift-off to an Earth-crossing orbit? To date, all comput- 
er simulations have failed to show how any surface rocks 
could survive blast-off from Mars; if they do not, then 
they force us to find another planetary source for them- 
a large, warm body with a Martian-style atmosphere. 
Such an alternative would redouble the mystery. 


YIELD OF TREASURE 

The Antarctic treasure trove has yielded other new and 
precious types of meteorites. These include specimens 
of basaltic achondrites (meteorites with strong simi- 
larities to terrestrial and lunar basalts) of a composi- 
tional variety not found elsewhere; the world’s second- 
known diamond-bearing iron meteorite; and more than 
40 specimens of carbonaceous chondrites. These me- 
teorites are of special interest because they contain 
hydrocarbon compounds, including amino acids, that 
were formed by inorganic processes either in the pri- 
meval solar nebula or in parent bodies that accreted at 
the birth of the solar system. These ancient hydrocar- 
bons show us what types of molecules existed millions 
of years before life appeared on Earth. 

To better understand the ice-flow regime and con- 
centration mechanism, geophysical studies are under- 
way at the most productive of the US collecting sites 
near the Allan Hills. Another on-going project involves 
attempts to determine how long ago the meteorites fell 
to the ice sheet. Most meteorites on other continents 
fell within the past few hundred to few thousand years. 
The Antarctic specimens dated so far have lain in the 
ice for 4,000 to 700,000 years! Thus, they provide us 
with significantly older interplanetary materials than 
we have examined before. Perhaps we will find Antarc- 
tic meteorites that fell more than a million years ago, 
but falls much older than that seem unlikely because, 
although ice has lain on parts of Antarctica for perhaps 
20 million years, the continuous outward flow of the 
ice would have long ago carried older meteorites into 
the sea. 

The Antarctic meteorite program is among the most 
exciting and fruitful new efforts in planetary science. It 
has forged a new link between planetary and Earth sci- 
ences. And it is a superb adventure. Few thrills can 
match racing in a snowmobile across an expanse of rip- 
pled blue ice and then skidding to.a stop beside a black 
rock from the distant reaches of the solar system. 
Above all, our yearly trips to Antarctica are an elegant 
means of adding to the world’s store of planetary sam- 
ples while we wait for future collecting missions in 
space. 


Ursula B. Marvin is a researcher at the Harvard-Smith- 
sonian Center for Astrophysics in Cambridge, Massa- 
chusetts. She has worked extensively on both lunar 
rocks and meteorites, and she recently visited the Ant- 
arctic with Project S-058 to collect meteorites on the 
spot. 
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was that Jupiter's moon Io is the most geologically 
‘active body in the solar system. Until then, most 
scientists felt that all other planetary bodies were “dead” 
compared with our own planet. In early 1979, several sepa- 
rale approaches to studying the planets came together and 
revealed Io to be very much alive internally, spewing vol- 
canic emanations into a mighty torus girdling Jupiter. 
Dynamical theorists Stanton Peale and his colleagues were 
the first to score when they published a model for lo’s tidal 
interaction with Jupiter and the other Galilean moons. 
They predicted that Io's interior would be continually 
kneaded and heated so that active volcanos would be inev- 
itable. At the same time, some especially peculiar Earth- 
based data on lo’s infrared spectrum were published, 
extending a decade-long record of weird telescopic obser- 
vations of that moon. Finally, Voyager / flew by Io and the 
rest is history: The stunning close-ups of Jo's tortured sur- 
face bore witness to the cumulative effects of erupting vol- 
canos, whose immense plumes were seen silhouetted 
against the blackness of interplanetary space. 

Voyager scientists Torrence Johnson and Laurence Sod- 
erblom have written an illuminating article about lo in the 
December, 1983 Scientific American that reports on our 
understanding of that unusual world after nearly five years 
of detailed research. The excitement of discovery in 1979 
overshadowed the very complex problems raised by the 
reality of lo. For example, lo’s volcanism is so active that 
even the tidal-wrenching processes predicted before the 
encounter may be inadequate to generate the full amount 
of heat required; but more work may reconcile theory with 
measurement. After years of hard research, scientists have 
reached an understanding of Io that transcends the “Oh, 
wow!" level of appreciation recorded in numerous popular 
articles following the discovery. Johnson and Soderblom’s 
clear explanation of current ideas about a combination of 
sulfur- and silicate-driven volcanism is augmented by some 
stunning, specially-processed mosaics of lo's surface, pre- 
pared by computer processing at the United States Geolog- 
ical Survey. Just as the years of research have led to new 
understandings of lo, so the careful image-processing work 
has yielded pictures that are far clearer than the widely 
printed versions released during the Voyager encounters. 
(See the January/February 1984 Planetary Report) 


QO: of the most spectacular discoveries of the 1970's 


Voyager Saturn Encounters 

Henry S. F Cooper, Jr. is one of the most sober and skillful 
reporters about the space program. His illuminating arti- 
cles in The New Yorker are always a pleasure to read and 
are sometimes collated into books. /maging Saturn (Holt, 
Rinehart and Winston, 1983) is up to Cooper's usual stan- 
dards, At the two Voyager encounters with Saturn, he wit- 
nessed the “instant science” that was being done during 
those two exciting periods. Unlike Mark Washburn’s recent 
book, Distant Encounters [see page 22], which captures the 
excitement of encounter from the perspective of the daily 
press conferences, Cooper focuses directly on the scientists 
and what they were doing and thinking during the hours 
between the press conferences. His book concentrates on 
the members of the Imaging Team responsible for acquir- 
ing and interpreting the spacecraft pictures, and discusses 
the other Voyager experimenters only when the discoveries 
by other instruments affected the interpretation of pictures. 


News 


Cooper was privileged to sit in the JPL offices of the 
Imaging Team, to listen to off-the-cuff conversations and to 
witness regularly scheduled discussions of the Imaging 
Team and its various subgroups. He interviewed the scien- 
tists and recorded their changing ideas about Saturn in 
“realtime.” Most science that reaches the layperson has 
been “digested” in one way or another. Professional scien- 
tific journals contain reports on the conclusions of scien- 
tific research, complete with well-buttressed logical 
arguments usually bearing no relationship to the intellec- 
tual and psychological processes that went on in the 
researchers’ heads while the ideas were being formulated. 
Even the Voyager press conferences presented results that 
had been specifically selected by the scientists as being 
“ready” for the press. In contrast, Cooper has, in /maging 
Saturn, captured the scientific mind at work. 


Nuclear War: A Planetary Perspective 

A special virtue of planetary science as an intellectual dis- 
cipline is the uniquely global perspective it brings to other 
scientific disciplines which once treated only our Earth. 
Workers in geology, geophysics, meteorology and other 
sciences have, until recently, based their understanding on 
terrestrial data alone. Planetary scientists argued, during 
recent funding crunches, that there is much more to the 
“planetary perspective” than the emotions conjured up by 
pictures of our own blue, cloud-bedecked planet spinning 
in space. 

A recent article on a very important topic— probably 
the most important topic of our times—highlights the sig- 
nificance of the planetary perspective. A seminal article in 
the December 23, 1984 issue of Science, by R. P. Turco, 
O. B. Toon, T. P. Ackerman, J. B. Pollack and Carl Sagan, 
reports the results of computer models of the climatologi- 
cal effects of nuclear war. What these scientists have dis- 
covered is that earlier studies of the consequences of 
World War III were far too optimistic. In our present under- 
standing of how Earth works, it seems likely that a nuclear 
exchange would bring a sudden, months-long winter to the 
entire northern hemisphere and that effects on the south- 
ern hemisphere would be greater than previously thought. 
This conclusion about dangers to the southern hemisphere 
was derived in part by analogy with the behavior of dust 
storms on Mars, The results of this planetary perspective 
have been reported in popular fashion in Parade magazine 
and on network television, thanks to the efforts of Carl 
Sagan. In Science, they are presented in a drier, more tech- 
nical way. But most Planetary Society members would find 
much to learn in this article on “nuclear winter” as well as 
in the follow-up article, by Paul Ehrlich and others, on the 
biological consequences of such a “winter.” 


Clark R. Chapman is a planetary scientist specializing in 
asteroids, comets and planetary surfaces. He lives in 
Tucson, Arizona. 
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hen our ancestors sought new 

surroundings, they took for 

granted the resources they 
would find—the water, game and plants 
to support life. We have carried into 
space the same urge to cross frontiers 
and to live off the land. Ideas of living 
on other worlds appear in human lit- 
erature from traditional folk tales to 
science-fiction paperbacks. We have long 
imagined colonizing new worlds, meet- 
ing alien cultures, and finding new min- 
erals and other riches. 

Space exploration has evaporated 
many of these dreams. No gold and dia- 
monds pave the Moon. No bison roam 
its silent plains. No jungles thrive in the 
tropics of Venus. Why, then, do so many 
of us still retain an optimistic vision of 
humanity's future in space, adjusting our 
battered dreams and still believing in 
them? It is because there are tangible 
resources in space that can enhance the 
wealth of all humanity. The process of 
using them has already begun, encour- 
aged by governments that seek security 
and economic progress. Near-Earth space 
contributes to both. Surveillance satellites 
are a cornerstone of our defense system, 
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and communications satellites are main- 
stays of our industrial growth. Commer- 
cial processing of pharmaceuticals and 
special alloys in space may soon follow. 

In time, lunar and asteroidal materials 
will also become important. As we use 
more near-Earth space, we will need 
more material in space. It is costly to lift 
a payload from Earth into even a low- 
Earth orbit (LEO, about 300 kilometers 
up), mainly because of the energy re- 
quired to overcome Earth's strong gravity. 
When the Space Shuttle leaves the launch 
pad, only about 1.5 percent of its weight 
is payload. Most of its weight is fuel— 
to lift the orbiter and its payload. 


The High Cost of Lifting 
Materials from the Moon or asteroids 


may help us beat this high cost of lifting. 
From such low-gravity bodies, more 
than 50 percent of the liftoff mass can 
be payload for a rocket-driven space- 
craft, and more than 90 percent if elec- 
tromagnetic mass drivers can be used. 
Furthermore, if the payload can be 
accelerated enough to reach Earth's 
gravity field, it can be guided into our 
atmosphere and slowed into orbit by 
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aerobraking. Payloads of lunar or aster- 
oidal material can be delivered to LEO 
for a small fraction of the energy 
needed to lift the same mass from the 
Kennedy Space Center. This saving of 
energy—and therefore of money— 
makes lunar material attractive for use 
in LEO, and even more interesting for use 
on the Moon or in geostationary orbit 
(GEO, 35,880 kilometers up), where a sat- 
ellite circles Earth in 24 hours, remaining 
fixed above a specific area of Earth. 

But why use lunar or asteroidal mate- 
rials? Every kind of material we might 
want to use in space is abundant on 
Earth, and putting the necessary mining 
and processing facilities on the Moon or 
an asteroid would be a big, expensive 
project in itself. Nevertheless, the com- 
bined costs of plants, manufacturing 
and delivery to LEO may still make 
lunar or asteroidal material more eco- 
nomical in the long run. One example of 
a valuable extraterrestrial commodity is 
oxygen, a very common material on 
Earth, and needed in space by both 
human beings and rockets. Oxygen 
might be the first commercially impor- 
tant lunar material for use in space. 


The Resources 
of Space 


by tars A. ahs 5. 


Extraterrestrial Demands 

This possible demand for extraterrestrial 
oxygen stems from NASA's plans for 
launching communications satellites in 
the 1990's. Communications satellites, 
which must be put in GEO for best 
results, would be carried up in stages. 
First, the Space Shuttle would lift them 
to a space station in LEO, near the limit 
of the Shuttle’s range. From there they 
would be carried to GEO by a second 
spacecraft, the Orbital Transfer Vehicle 
(OTV), powered by oxygen-hydrogen 
fuel supplied from Earth by the Space 
Shuttle. 

By the year 2000, the estimated traffic 
between LEO and GEO—just for com- 
munications satellites—could require 
some 300 tons of liquid oxygen per 
year, a mass equivalent to more than ten 
Shuttle payloads. The liquid hydrogen 
needed would require a similar number 
of payloads. Preliminary estimates of 
the economics of oxygen use in space 
suggest that, if more than 300 tons per 
year is needed, it may be more econom- 
ical to mine lunar oxygen and transport 
itto LEO than to lift it from Earth. 

In terms of lifting costs, the jump 
from LEO to GEO is just short of that 
from LEO to the Moon's gravity, and the 
OTV would need little change in design 
to reach lunar orbit. A second OTV, 
fitted with landing legs, could lift lunar 
products from the Moon’s surface to 
lunar orbit. 

Providing stabilizing mass and shield- 
ing for space platforms could be other 
early uses for lunar or asteroidal mate- 
rials. Stabilizing mass reduces unwanted 
motions of reaction. For example, when 
a sensor mounted on a space platform 
is turned to point in a new direction, 
that platform reacts by rotating in the 
opposite direction. If the platform can 
be made massive enough, its motion 
becomes negligible, its orientation in 
space does not change, and pointing is 
much easier. The necessary mass is 
simply provided, perhaps as sandbags 
filled with rubble from the lunar surface. 


Radiation Shields 

Humans and machines at GEO will also 
need shielding from harmful radiations 
produced by the Sun and cosmic rays. A 
thickness of at least a meter of lunar soil 
would probably be needed. The possible 
demands for shielding and stabilizing 
mass could reach thousands or tens of 
thousands of tons. It may prove cheaper 
to get such large amounts of simple 
bulk materials from the Moon or a near- 
Earth asteroid. 

A major demand for material from 
the Moon or from a near-Earth asteroid 
will start an important sequence of 
activities. First, we will have to build the 
facilities, vehicles and infrastructure 
needed to obtain that material. As a 
result, other materials will become avail- 
able, and new uses will appear for them. 
Experience in working with materials 
under low gravity and in space will trig- 


ger swarms of new ideas. We will begin 
to overcome our Earth-bound perspec- 
tive that extraterrestrial environments 
are mainly obstacles to overcome rather 
than advantages to be used. 

Given access to the Moon and near- 
Earth asteroids, what resources will our 
new planetary pioneers find? There will 
be no food and water. But for a techno- 
logical civilization, available resources 
mean available chemical elements. The 
Moon and any sizeable asteroid contain 
immense amounts of every natural 
chemical element, although they may 
not be concentrated into convenient 
ores. We still do not know the full vari- 
ety of materials available, but we do 
know important elements that are abun- 
dant. From the Apollo samples, we 
know that the common Moon rocks are 
made of oxygen, aluminum, iron, tita- 
nium, silicon, magnesium, calcium and 
sodium, bound together mainly as silicate 
and oxide minerals. From these rocks 
we can obtain oxygen for fuel and life 
support. We can produce glass for fibers, 
building materials and insulation. We can 
make ceramics for heatshields. We can ex- 
tract metals for construction and electrical 
power transmission. We can use the avail- 
able power from sunlight to process these 
materials. Furthermore, eons of meteor- 
ite impacts on the lunar surface have 
pulverized its rocks into a convenient 
powdery rubble; we can just shovel it up 
without having to blast or crush it. 


Space Processing 

We will have to develop new methods of 
processing the ores of outer space. On 
Earth we have it easy, with concentrated 
ores, fossil fuels to use for power and 
reducing agents, water for washing and 
cooling, and expendable chemicals for 
separations. On the Moon, we have only 
sunlight for power and rather ordinary 
rock, part of it powdered to very dry 
dust, for ores. But some encouraging 
preliminary experiments indicate that 
the mineral components of lunar soil 
can be separated electrostatically. Other 
experiments show that oxygen, iron, and 
alloys of titanium and silicon can be 
separated by electrolysis of molten rock. 
Still other studies show that acid dissolu- 
tion and water separation can extract 
aluminum. This can probably be done 
in closed systems, with the liquid 
reagents recovered and re-used. All 
these results are encouraging, but much 
more laboratory work needs to be 
done—and soon—before we will know 
exactly how to proceed. 

We need more exploration too, From 
the Moon rocks, we know that the Moon 
had no water when it formed. However, 
water brought in by colliding meteorites 
and comets may remain trapped as ice 
in permanently shadowed craters at the 
lunar poles. The proposed Lunar Geo- 
science Orbiter mission can detect such 
water and can also give us other valu- 
able information about the Moon’s sur- 
face composition. If there is water on 


the Moon, it will be as precious as in 
any other desert terrain. It would affect 
our extraction techniques, and it could 
be the source of both oxygen and 
hydrogen for fuel. If there is no lunar 
water, then most Earth-style ores could 
not have formed. However, there may 
be other types of ores. Analysis of lunar 
materials shows that elements such as 
sulfur, zinc, copper, uranium, barium, 
chromium and rare-earth metals are 
strongly enriched in certain minerals. 


Mining the Moon 

Because the Moon is close and relatively 
well-known, it will probably be mined 
before the asteroids. However, asteroids 
may supply materials that are scarce on 
the Moon. Near-Earth asteroids (whose 
orbits cross or approach Earth's) are 
being discovered at a rate of three or 
more per year; more than 60 with diam- 
eters of a kilometer or more have 
already been found, implying the exis- 
tence of hundreds or thousands of 
smaller ones. We believe that the variety 
of asteroidal material is at least as great 
as that found in meteorites. We can 
expect to find abundant iron-nickel 
alloys, water and hydrocarbons, as well 
as iron and magnesium silicates. But 
some close-up exploration is essential. 
We cannot now tell which asteroids will 
yield which materials, nor do we know 
whether asteroid surfaces are covered 
with easily mineable rubble. The pro- 
posed Earth Approaching Asteroid Ren- 
dezvous mission would greatly increase 
our information. 

The first use of lunar or asteroidal 
products will begin a permanent human 
presence in space, but the first estab- 
lished base will not suddenly create a 
new society. Neither did the settlements 
at Plymouth Rock or Jamestown. There 
will be agonizing about costs, about 
economic returns, about all the aspects 
of any new venture that concern both 
backers and detractors. The first Moon 
base, like the Roanoke Colony, may 
falter if its initial support is inadequate 
or its mission too narrow, But time will 
probably provide a different perspective. 
Could even King George III argue today 
that the country born from England's 
early ventures has been such an eco- 
nomic and social failure as not to be 
worth its intial cost? 

During its early exploration and settle- 
ment, North America was regarded as a 
country well-endowed but not unusually 
rich in natural resources. Who could have 
imagined then how far beyond those 
recognized resources a modern society 
could go? Viewed in this light, our neigh- 
boring planets’ lack of obvious food 
and shelter seems more of a stimulating 
challenge than an impossible barrier. 


Larry A. Haskin is a Professor of Earth 
and Planetary Sciences and Chemistry, 
and a Fellow of the McDonnell Center 
for the Space Sciences, at Washington 
University in St. Louis. 


Machines may collect our next samples from other worlds 


by Bevan M. French 


dith, speaking to you live from NASA’s Planetary 
Materials Laboratory in Houston, Texas. Only two 
days ago the sample container from the Mars Sample Return 
mission arrived here, and already the scientific excitement has 
reached a level unheard of since the Viking landings on Mars a 
generation ago. The first briefing has just ended, but the scien- 
tists are still here, standing in the halls and the auditorium, talk- 
ing and arguing. It's been an exciting day. Let me summarize 
some of the discoveries. The most unexpected result came from 
the Life Sciences Examination Team, which reported...” 
Perhaps it is 1999, perhaps a few years into the 21st century, 
From this beginning, the scientific studies of the Mars samples 
expand, the once-sketchy picture of post-Viking Mars takes on 
depth and color, and the planet becomes familiar, almost as 
well-known as Earth and its Moon. Detailed chemical analyses 
of the returned rocks and soil specify the composition of Mars’ 
outer crust, give insighis into the nature of its underlying mantle, 
and even permit a few shrewd estimates about the size of the 
planet's central metal core. Age measurements, using radioac- 
tive elements in the rocks, pinpoint the times of great volcanic 
eruptions on Mars’ surface. Studies of Mars’ rusty, weathered 
soil begin to unravel the chemistry of the Martian atmosphere 
and the nature of Martian surface weathering. And in special 
laboratories, other scientists expand their search for life on the 
Red Planet. 


44 Gi: evening, ladies and gentlemen. I'm John Mere- 


The collection of solid samples from other worlds, whether 
done by humans or by machines, is an essential part of explor- 
ing the solar system. Planetary exploration goes in stages. The 
early missions, flybys and orbiters, are planned to give us a 
global view of the planet and its geology, surface chemistry, and 
geophysics. Then robot landers and rovers, such as Surveyors, 
Viking, and Lunokhods, carry out more complex experiments 
on the surface. The next step, which has never been done for 
any world except the Moon, is the return of solid samples to 
Earth, where they can be examined with the full resources of 
Earth-based laboratories. Once back on Earth, the samples pro- 
vide a wealth of new and otherwise unobtainable data, and they 
make it possible to understand better the data returned by ear- 
lier missions. 

The great value of sample return missions is balanced by 
their difficulty. Such missions are complex, demanding and 
expensive: Even with a robot mission, two different spacecraft 
are needed—one to get to the target world, the other to bring 
the samples back. The spacecraft needs other things as well— 
manipulators to handle the samples, a protective container to 
store them in, and perhaps some visual or chemical instrumen- 
tation to help select the right samples. And all the complex and 
delicate operations must be managed from tens of millions of 
miles away on Earth. 


Robot Missions 

All these problems can be solved. In fact, robot sample return 
missions are not new. Between 1970 and 1976, the USSR landed 
three robot spacecraft (Luna-16, -20 and -24) on the eastern 
side of the Moon. Each spacecraft used a robot arm to dig into 
the lunar soil, secure a sample, and return with between 100 
and! 300 grams of lunar material. Luna-24 even used a flexible 


core drill to obtain a section of the powdery lunar surface layer 
down to a depth of two meters. These impressive feats were 
overshadowed by the Apollo missions and by the hundreds of 
kilograms of samples they returned, but the Luna samples, 
which came from regions that we could not reach with Apollo, 
provided important information about the chemistry and timing 
of volcanic activity in an entirely different part of the Moon. 

We know a lot more about the solar system now than we did 
in the Apollo days. The Voyager, Viking and Pioneer Venus mis- 
sions have shown us about two dozen solid planets and moons 
at close range. Which of these are the best targets for sample 
return missions in the near future? In deciding where to send 
the next sample return mission, we must consider several things 
about the target world: 


[4 Can we reach it and get back with our available launch 
vehicles? 

1 Is there some kind of solid material (rocks, soil, ice) to be 
collected? 

0) Do we already know enough about it so that we can plan 
the mission, select the landing sites, and estimate what the sci- 
ence return will be? 

O Are there still major unanswered questions about the 
world that only return samples can solve? 


Putting all these questions together, Mars becomes one of the 
best targets for a sample return mission, and already a good 
deal of thinking has gone on about how and when we might go 
about it. We know Mars fairly well. Its surface has been thor- 
oughly mapped by Mariner and Viking orbiters, and we have 
rough chemical data (for two sites, anyway) from the Viking 
Landers. We know that Mars has rocks and soil, and we know 
enough now about the planet to build a spacecraft that can go 
there and collect them. 


Martian Questions 

There are still major unanswered scientific questions about 
Mars. The rocks look like volcanic lavas, but we know little 
about their chemistry and nothing at all about their mineral 
composition, ages, origin, and bow they fit into the evolution of 
the planet. The reactions between the atmosphere and the 
rocks, and the chemistry of Martian weathering, are unknown. 
Finally, there is the still-unanswered question about life on Mars, 
a question that may be finally settled only when returned sam- 
ples can be studied, intensively and at leisure, in terrestrial 
laboratories. 

Even for a planet as well known as Mars, many key decisions 
must still be made before we can put a sample return mission 
together. How much sample is needed, and what kinds of mate- 
rial? How much surface mobility should we have—just a few 
meters around the spacecraft or perhaps complex sampling 
rovers that could range for kilometers, collecting as they go? 
How much analysis, with TV or chemical sensors, must we do 
on-the-spot to identify the best samples? Should we sterilize the 
samples before return (to reduce the danger of possible infec- 
tion to us) and thus perhaps destroy any evidence for Martian 
life? Do we return the sample directly to Earth or send it into 
Earth orbit to dock with a Space Shuttle or a possible space sta- 
tion? What kind of quarantine do we impose, and where—in a 
space station or on the surface of Earth? 

Even a handful of Mars cannot tell us everything we need to 
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know about the solar system. Mars is an active, evolved planet; it 
will not reveal much about the origin and earliest history of the 
solar system 4.6 billion years ago. To probe into that ancient 
time, we need to find primitive, unaltered material, and we can 
probably find it in the small, relatively unchanged bodies of the 
solar system—asteroids and comets, especially comets. 

Comets are entirely different from the other solid objects in 
the solar system. We have not yet even seen a comet close up, 
but we think they consist of low-temperature volatiles (water ice 
and other ices) mixed with silicate dust. We suspect that comets 
record the very earliest stages of planetary formation, the condi- 
tions in the cold, dark regions far from the central Sun, and per- 
haps also the nature of the interstellar material that came 
together to form the solar system. A sample of a comet would 
be a Unique time probe into the very beginning of our sur- 
roundings, and no one can predict what it might tell us. 


Sampling a Comet 

We are still a long way from sampling a comet. The great scien- 
tific gains are offset by major uncertainties. For instance, just 
what should we plan to collect? We expect a mixture of dust and 
ice, but there might be liquids briefly formed as the comet 
passes close to. the Sun. How do we collect, preserve and return 
such unstable materials as dust and ice without altering or con- 
taminating them? There are problems with the mission as well. 
What is the nature of the surface of the solid central part of a 
comei? Is it Something we can land on, or is ita swarm of small 
particles, hard to sample and dangerous to the spacecraft? 

Some of the problems can be solved by Earth-based 
research, but others will require actual reconnaissance missions 
to comets. The challenges are great, but the scientific returns 
could be some of the most important in the history of space 
exploration. 

Mars and comets may be the current front-runners in today’s 
version of the sample-return sweepstakes, but several exotic and 
not-ye-understood worlds are not far behind. Asteroids have 
already told us much about the earliest days of the solar system 
by shedding (we think) the meteorites that fall to Earth. But we 
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equipment 

fora sample 
return mission 

is shown on this Luna 16 
spacecraft, which made 

the first robot sample return 
from another world in 1970. 
The Soviet spacecraft 
contains a landing stage (A), 
a return stage (B), anarm 

to reach the surface (1), 
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sample return capsule (3), 
which carried the precious 
material down to the 

surface of Earth. 


have never visited an asteroid, we have never positively identi- 
fied a single asteroid as the source of a group of meteorites, we 
do not really know what asteroids are made of, and we do not 
know what their surfaces are like. 

There are even stranger worlds in the solar system, many of 
which we have seen clearly only in the last few years. We have 
learned just enough about them to know that we can never 
understand them fully without sample returns. But they are so 
distant and strange that they lie beyond our present reach, and 
they remain as tantalizing challenges for the years beyond 2001: 


O1 The blistered, altered surface of Venus, seen only by short- 
lived Soviet Venera spacecraft, bakes under a thick, corrosive 
atmosphere. Its surface material, and the bedrock from which it 
formed, are almost totally unknown. 

0 Mercury, the innermost planet, is a neglected Moon-like 
world lying so deep in the gravity well of the Sun that our pres- 
ent launch vehicles cannot carry the weight of a sample return 
mission to it. 

(1 The weird moons of Jupiter and Saturn, including the 
spectacular volcanic landscapes of Io, lie far away, held by the 
gravity fields of their huge parent planets and surrounded by 
curtains of intense radiation dangerous to humans and 
machines alike. Sulfur, rock, ices—many of the strangest and 
least-known building materials of the solar system await collec- 
tion here. 


None of these worlds is barred from the long reach of our 
collecting missions. There are no challenges that cannot be met, 
and the rewards will be a series of unparalleled and often unex- 
pected discoveries about the solar system and its worlds. Our 
space explorations have given us many things, but one of the 
greatest is confidence. We know we can build machines to go to 
other worlds and bring pieces of them back to Earth. We know 
that we can analyze them and extract from them the informa- 
tion that they have preserved for so long. Whatever the prob- 
lems are, the final answer is clear. The rocks of the solar system, 
and the secrets they contain, are ready for us—whenever we 
want to go and get them. 1 
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/ n considering the President's proposal for a permanently 
manned space station, Congress will set the course of 
United States space exploration for the rest of this century, 
The National Academy of Sciences, the Congressional Office 
of Technology Assessment, the National Science Foundation 
and the Department of Defense have all studied the potential 


of a station, and their reports, as well as NASA’s extensive plans, 
will be considered before funds for a space station are approved. 


Is a space station a welcome development? President 
Reagan linked peaceful space activities to the vitality of the 
United States and stressed the possible economic benefits of 
an orbiting station. But why do we need such a station? 
Focusing on a technological challenge without a clear mis- 
sion can lead to problems. In itself, a space station is neither 
good nor bad, but we must consider what it will do for space 
science, exploration and developing technologies. Here are a 
few issues to be discussed: 


Is a Manned Station Necessary? 

Why have a permanently manned facility in Earth orbit 
instead of several robotic stations serviced by human crews? 
We might better use humans in space only for special pur- 
poses when their creativity and dexterity are needed, rather 
than send them on extended missions in a hostile environ- 
ment to do things that can be done more inexpensively and 
safely by machines. 


Cost 

Is the $8—$10 billion budget estimate accurate, or will cost 
overruns have to be financed by deleting other important 
NASA activities? What is the economic basis for estimating a 
space station's value? 


Space Science and Exploration 
Will planetary exploration, physics and astronomy programs 
be cut to accommodate the space station budget? 


New Space Applications 
Costs of the Space Shuttle actually retarded the development of 


materials processing in space, remote sensing of Earth, and com- 


munications research— purposes for which the Shuttle was de- 
signed. Will the costs of a space station have the same effect? 


Role of the Military 

There are those who suggest that a space station might 
become a major platform for military research and develop- 
ment, while others feel it will provide an alternative civilian 
focus for space activities. Will the space station become a 
part of the recent emphasis on military operations in space? 


Long-Range Good vs. Short-Term Disaster 

A space station could make possible new applications (man- 
ufacturing, materials processing, communications systems), 
promote science (observatories, radio antennas, life science 
laboratories) and even aid planetary exploration, Sample 
returns, solar sails and, eventually, human missions to the 
Moon, the planets and asteroids may all use a space station. 
But when? And will these programs be able to move forward 
during the long development of a space station? 


One important advantage of President Reagan's space ini- 
tiative is that it will spur Congress to discussion and may lead 
to a definition of US space policy for the first time in many: 
years. Congressional hearings, advisory committee reports, 
independent panel studies, newspaper articles and other 
media features will be forums for debate about what the US 
should be doing in space. Many people who support space 
efforts will have differing views on particular programs and 
their effects, and the discussion should broaden awareness of 
opportunities in space exploration, 
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by Louis D. Friedman 


he NASA budget, submitted to 
Congress six days after President 
~ Reagan announced the space 
station, contained some new programs 
and raised some old concerns. The 
space station was authorized at an 
amount one-third less than requested 
by NASA, raising the spectre of inade- 
quate funding being made up later by 
cuts in other space programs. This is 
precisely what happened with the Space 
Shuttle in the 1970's, which caused 
major disruption in the US program for 
space science, planetary exploration, 
space manufacturing, remote sensing of 
Earth, propulsion and other technology 
developments. 

A new start for the Mars Geoscience/ 
Climatology Orbiter (MGCO) was pro- 
posed. The mission, a necessary precur- 
sor to further exploration of Mars, was 
recommended by the Solar System 
Exploration Committee as the first of 
the Planetary Observers. The Observers 
would be a series of small planetary 
missions to be carried out with space- 
craft. modified from Earth orbiter 
designs, costing less because they could 
be built in “assembly line” fashion. The 
budget proposal to start the Observer 
spacecraft line was not approved, 
although the MGCO mission was. 

Other chief features of the President's 
budget proposal are: 

— NASA's total budget rises 4.2 per- 
cent to $74 billion. $2.4 billion of this is 
for research and development (R&D). 

—Of the R&D budget, $1.37 billion is 
for space science and applications (up 2 
percent): $670 million for physics and 
astronomy, $290 million for planetary 
exploration, $340 million for space 
applications and smaller amounts for 
life sciences, materials processing in 
space, communications and information 
systems. 

—Space Shuttle operation costs 
finally began their decrease (5 percent) 
to $3.6 billion. Spacelab and new pro- 
pulsion programs were also decreased. 

—The space station new start was 
proposed at $150 million, as part of the 
R&D budget. This was less than the 
$235 million NASA sought. 

—In addition to the planetary explo- 
tation new start for MGCO, funding was 
continued for the Venus Radar Mapper 
and Galileo. 

—However, planetary research was 
cut by 10 percent, to a level below that 
authorized by Congress in the hard-won 
fight two years ago to restore some base 
to the planetary program. We antici- 
pate congressional concern on this issue. 


—The Department of Defense space 
activities are also of interest to those fol- 
lowing the space program. A five-year 
plan for new space weapons technology 
was proposed. The plan calls for $250 
million to be added initially to the $1.5 
billion space weapons R&D budget, 
with the total cost for the five-year plan 
at $25 billion. The space weapons pro- 
posal alone (not counting the many 
other defense and intelligence space 
activities) will be bigger than all of the 
activities of NASA combined. 

Congress now begins its budget con- 
sideration process. Hearings have begun 
before these “authorization” committees 
concerned with the NASA budget: 

—House Science and Technology 
Committee—chairman, Representative 
Don Fuqua. 

—Senate Committee on Science, 
Transportation and Space—chairman, 
Senator Robert Packwood. 

The House and Senate Appropria- 
tions Committees, chairmen Represen- 
tative Jamie Whitten and Senator Mark 
Hatfield respectively, will hold hearings 
and deliberate later in the spring. The 
authorization and appropriation com- 
mittees’ action must be voted on and 
reconciled by the full House and Senate 
(and signed by the President) before the 
NASA program is finally defined. 

The Senate and House Budget Com- 
mittees must also consider the space 
budget requests, as they review the 
overall budget. Since this is required to 
be done first by Congress (although it 
sometimes gets mired down in political 
wrangling), the authorization and appro- 
priation amounts must be reconciled 
to the budget before becoming law. 

If members wish to write Congress 
about any aspect of the space program 
or the space budget, they are best 
advised to write their own Congressmen 
and Senators, as well as the committees 
cited above. This can be done by 
addressing the committee, Congressman 
or Senator at the House of Representa- 
tives or Senate, Washington, DC. The 
Senate zip code is 20510; 20515 is that 
for the House. 

Interested members can get a copy of 
the NASA budget by sending a stamped 
self-addressed envelope to The Plane- 
tary Society, RO. Box 91687, Pasadena, 
CA 91109. 


Louis Friedman, Planetary Society 
Executive Director, spent one year as a 
Congressional Fellow with the Senate 
Committee on Commerce, Science and 


Transportation. 


[>SALLY RIDE JOINS ADVISORS 
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We are very pleased to announce that Dr. Sally Ride has 
joined The Planetary Society’s Board of Advisors. As an ac- 
tive astronaut, Dr. Ride will help us in our consideration of 
the roleof humansand human-machineinteractionsinspace. 
She served as a mission specialist on the seventh Space 
Shuttle mission and helped deploy and retrieve the first sat- 
ellite launched from the Shuttle. Dr. Ride is a scientist 
specializing in x-ray astrophysics and brings a new wealth 
of knowledge and experience to our Board of Advisors. 


[>SOCIETY ON NIGHTLINE 


Executive Director Louis Friedman represented The Plane- 
tary Society on Nightline the television news show hosted 
by Ted Koppel. Dr. Friedman and Dr. Robert Jastrow, 
professor at Dartmouth College, were invited to comment 
on President Reagan’s announcement, in his State of the 
Union address, that the United States would build a space 
station in low Earth orbit within the next decade. 


[>NAMING THE MAPPER 


The many interesting, often amusing, entries received in 
the contest to name the Venus Radar Mapper (VRM) 
delighted our staff. We were particularly fascinated by 
some of the connections to mythologies and the history of 
science, as well as the inventive word play of some of the 
entries. More than one thousand entries came in and we 
submitted them to NASA in late January. NASA also 
received entries from the VRM project office and they will 
make their selection among all the names submitted. We 
will announce the winner in the next Planetary Report 


[>COMPUTERIZING OUR MEMBERSHIP 


One vexing problem we've had since the beginning of The 
Planetary Society has been keeping proper address and 
membership records, Our rapid growth outstripped several 
commercial systems, and although the percentage of 
errors appears to be small, even those few problems can 
strain both resources and patience. As befits an organiza- 
tion promoting the best efforts of high technology, we have 
taken the major step of buying a computer and developing 
new software to handle our membership list. From now 
on, all records will be kept on MARS: the Membership 
Accounting Record System. For you technology buffs, we 
have a mini-computer with one million bytes of main 
memory and 288 million bytes of disk storage. The Soci- 
ety's membership file, in raw data before we process any- 
thing, is 100 million bytes. 

If you are having a problem with your membership, 
write to our Membership Department, The Planetary Soci- 
ety, PRO. Box 91687, Pasadena, CA 91109. Please include 
your membership number (the number immediately 
above your name on the magazine address label), your 
name and complete address. We hope that MARS will help 
us and you with some of our Earthly problems. 


[>NEW YORK SYMPOSIUM 


The Planetary Society will present a symposium at Carne- 
gie Hall in New York City on May 27 at 1:00 p.m. (over the 
Memorial Day weekend). Society President Carl Sagan, 
Project Sentinel scientist Paul Horowitz and NASA scientist 
David Black will speak on “Searching for Our Analogs in 


the Universe.” Tickets for members are $5.00 each, two for 
$8.00. Prices for non-members are $8.00 each or $15.00 for 
two. Send your check and a self-addressed, stamped enve- 
lope to: TPS Symposium, Box 160, Bronx, N.Y. 10475. 

That weekend The Planetary Society is also holding an 
exhibit at the annual meeting of the American Association 
for the Advancement of Science. The exhibit will be in the 
Sheraton Centre on 53rd St. in New York from May 26—28. 
We will provide details in a letter to members in the greater 
New York area and on our telephone information lines. 


> TELEPHONE INFORMATION LINES 


We have a new area code for our telephone information 
lines: (818) 793-4328 from east of the Mississippi; (818) 
793-4294 from west of the Mississippi. 


[> JAPANESE OFFICE OPENS 


The Planetary Society has opened up an office in Tokyo 
and published the first translation of The Planetary Report. 
With an initial membership of 1000, based only on 
response to newspaper articles about the Society, we have 
gotten off to a good start. Japanese interest in The Plane- 
tary Society is heightened by the planned Planet-A mission 
to Halley's Comet. This will be Japan's first space mission 
beyond Earth. 


[>DISPLAYING THE SOCIETY 


Members often write us asking how they can do more for 
the Society. We often suggest that members set up displays 
on the Society in community centers, schools or libraries. 
We can provide some materials illustrating the results of 
planetary exploration and the search for extraterrestrial 
life. If you are interested in setting up a display, write us at 
P.O. Box 91687, Pasadena, CA 91109. 

By setting up a display you can often meet other Society 
members or recruit new ones. Soliciting members is 
expensive for any organization. When our old members 
recruit new ones, they not only help the Society grow, but 
free money for other projects. 


> HALLEY WATCH BULLETIN 


As a service both to NASA and to the amateur astronomy 
community, The Planetary Society has assumed responsi- 
bility for the publication and distribution of the Interna- 
tional Halley Watch Amateur Observers Bulletin. The 
Halley Watch scientists at the Jet Propulsion Laboratory 
will prepare the material and we will print and mail the 
newsletter to amateur astronomers participating in the pro- 
gram. Our thanks go to Blythe Stokes-Whittall, a longtime 
Society volunteer, for coordinating this project for us. 


[>FROM THE EXECUTIVE DIRECTOR 


I must share a rewarding story. Recently | gave a talk for 
the Society in San Diego. Afterward, a young man came up 
and said, “Dr. Friedman, you don't remember me, but | was 
one of the student essay contest winners at Planetfest ’81. 
That contest, the trip to Pasadena, and the experience at 
the Voyager Saturn encounter changed my life and got me 
interested in space science. I’m now a student here in San 
Diego.” Such a comment is, of course, most gratifying and 
underscores the importance of the Society's new science 
education program. 
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Facts and figures, measurements and theories—these seem to be the stuff of science and it is easy to 
forget that, after all, science is a human activity. We are pleased to offer three books that tell the stories 
behind planetary science while relaying the knowledge gained by our study of other worlds. 


‘ 
Distant Encounters 
The Voyager encounters with Jupiter 
and Saturn were more than spacecraft 
passing planets; they were unprecedented 
gatherings of scientists, engineers, press 
people and others who shared the energy 
and exultation of exploration. Joumalist 
Mark Washburn captures the spirit of 
these events and tells the stony in 
highly readable prose. 


Worlds Beyond: 

The Art of Chesley Bonestell 

Before the first spacecraft made tentative 
approaches to our neighbors in the solar 
system, these mysterious worlds had been 


visited by the imagination of Chesley Bonestell. 


In this stunning book filled with color plates, 
Ron Miller and Frederick C. Durant Ill tell how 
a young architectural renderer became the 
father Of modern space art. 


Planets of Rock and Ice 

Planetary Report readers know Clark R. 
Chapman through his fascinating and 
well-written column, “News and Reviews” 
Here Dr. Chapman brings his personal 
touch to discussions of the rocky and 


icy worlds of our solar system, from 
Mercury to the moons of Saturn. 


PLANETS 
OF ROCK 
AND ICE 


CLARK R. CHAPMAN 


A revised and expanded editon of THE WINER PLANETS 


Atlas of the Solar System 

This Rand-McNally atlas, published in associa- 
tion with the Royal Astronomical Society, 
covers everything from the Sun to the comets 
wandering the outer reaches of our solar 
system. Detailed maps, color photographs 
and informative diagrams are described and 
explained by authors Patrick Moore and 
Gary Hunt in this up-to-date reference book. 


Out of the Darkness 

Only one man alive can claim to have 
discovered a planet, and in this memoir Clyde 
\W/. Tombaugh tells how, as a young student 
fascinated by astronomy, he discovered Pluto. 
Wéith coauthor Patrick Moore, Mr. Tombaugh 
tells the story of the search for Planet X, 

his triumph, and the continuing study of the 
apparent edge of our planetary system. 


The Planetary Society Poster 

Find your place in the universe with artist 

Anne Norcia’s popular painting, “You Are Here.” 
The painting is reproduced in full color on 
heavy stock as a beautiful promotion of The 
Planetary Society. Buy your poster now and 
display your support of planetary exploration 
and the search for extraterrestrial life. 


The Solar System in Pictures and Books 


@ BOOKS 


Voyages to Saturn by David Morrison—Description of both 
Voyager Saturn encounters, with color photographs. 


PRICE 


QUAN, 


TOTAL 


@ COLOR PHOTO REPRODUCTIONS (8/2” x 11") 


PRICE QUAN. TOTAL 


Jupiter—A montage of the planet and its Galilean Moons, 
the Great Red Spot and dynamic lo, (set of 3 prints) 


Voyage to Jupiter by David Morrison and Jane Samz— $10.00 
Description of both Voyager Jupiter encounters, with color 
photographs. 199 pages. 

The Grand Tour: A Traveler's Guide to the Solar System $ 9.00 


by Ron Miller and William K, Hartmann—A beautifully 
illustrated guide to 25 worlds in our salar system. 192 pages. 


The Surface of Mars by Michael H. Carr—A definitive summary 
of Viking mission results. Large format. 232 pages. 


$32.00 


Planets of Rock and Ice by Clark R. Chapman—Guideto the $10.00 
small planets from Mercury to the moons of Saturn, 


Mars—Approaching the red planet, Martian sunrise and sunset, $ 3.75 


the rocky surface at both Viking landing sites (set of 4 prints) 


The Best of Voyagers 1 & 2 at Saturm—The planet. itsrings $10.00 


and satellites (set of 15 prints) 


Voyager 2’s Future Missions— Don Davis paintings of the 
encounters with Uranus and Neptune (set of 2 prints} 


$ 2.00 


The New Solar System edited by J. Kelly Beatty, Bnan O'Leary and 
Andrew Chaikin—Up-to-date information Hard cover-1st Ed. $8.50 
on our planetary neiguver od. aa pages. Soft Seer>and Ed. paca? 


The Moon by Patrick Moore—An atias and guide to our satelite. 
96 pages. 


$11.00 


Murmurs of Earth by Carl Sagan, Frank Drake, Ann Druyan, 
Timothy Ferris, Jon Lomberg and Linda Salzman Sagan— 
Account of the development of the Voyager record, a message 
rom Hanenity to possible extraterrestrial life forrrs. he pages. 

The Planets edited by Bruce Murray—Collected aiticles from 
Scientific American, presenting the state-of- Soft cover $ 8.50 
the-art in planetary science Hard cover $14.50 


@ LASER COLOR PRINT (16” x 20") PRICE QUAN. TOTAL 
Apollo Photograph of Earth (full disk} $ 8.00 
@ COLOR POSTERS PRICE QUAN. TOTAL 


Voyager 1 at Saturn (Five 23” x 35" posters) 


You Are Here |23” x 29" poster) 


@ 35MM SLIDE SETS PRICE QUAN. TOTAL 


Voyager 1 Saturn Encounter (40 slides with sound cassette) $15.00 


Voyager 2 2 Saturn | Encouriter 140 slides with sound cassette) a 5.00. 


Viking 1&2 at Mars (40 sides with sound casera 


A Meeting with the Universe edited by Bevan M, French 
and Stephen P. Maran— Everything from the origin of the Sur 
to the edge of the unrverse is covered in this well-illustrated 
volume, 221 pages, 

Distant Encounters by Mark Washburn—The excitement of 
the Voyag er encounters is captured for those who could not 
be part of the events. 272 pages. 


$14.00 


$10.00 


Out of the Darkness by Clyde \W. Tombaugh and Patrick 
Moore—The discovery of Pluto is chronicled by its discoverer 
and a noted science writer. 221 pages. 


Mission to Mars by James E. Oberg—Plans and concepts for 
the first hurnan mission to Mars are detailed in this up-to-date 
book. 221] pages. 


$13.00 


Planetary Exploration Through Year 2000—This $ 5.50 
colorfully illustrated executive summary of the Solar System 
Exploration Committee details the proposed future of 


planetary exploration, 30 pages. 


Earth Watch by Charles Sheffield—A magnificent view of the $20.00 


Earth from Landsat in full-color and large format. 160 pages. 


Pioneer Venus by Richard O. Fimmel, Lawrence Colin and 
Eric Burgess— A readable account of the Pioneer mission 
to Venus, illustrated with color photos and paintings of the 
veiled planet. 253 pages. 


Worlds Beyond by Ron Miller and Frederick C Durant iii—The $12.00 
work of Chesley Bonestell, the father of modern space art, 's 


beautifully reproduced in this full-color volume. 133 pages. 


Atlas of the Solar System by Patrick Moore and Garry Hunt— 
This Rand-McNally atlas covers everything from the Sun to the 
distant comets. 464 pages. 


Back issues of THE PLANETARY REPORT are now available to Society members. 
Each volume contains six issues. (Volume |, Number 6; Volume II, Numbers 1, 5 and 
6; and Volume Ill, Number | have been sold out) Specify the issues you would like 
by volume and number. A donation of $1.50 per issue to Cover printing and postage 
costs is appreciated. 


Total quantity of back issues Total price —___—_ 


Mars in 3-D—This 16mm film, produced by Elliott Levinthal, depicts the Martian 
landscape as seen by Viking. It may be purchased for $125.00 or rented for $25.00, 
with a deposit of $100.00. 3-D glasses are available for $.25 each. W/rite to The 
Planetary Society for a rental agreement or purchase information 


$15.00 


Voyager 1 & 2 at Jupiter (40 slides with sound cassette] 


The Solar System Close-Up, Part One [50 slides with booklet) $36.00 


The Solar System Close-Up, Part Two (50 slides with booklet) $36.00 


@ SALE ITEMS 


The Planets: A Cosmic Pastoral by Diane Ackerman— 
A collection of poems about the planets. 159 pages. 


PRICE 


QUAN. 


TOTAL 


$ 2.00 


Planetfest ‘81 Posters 
(Two 23" x 35") of Saturn and the F-ring 


RDM. XXX XX QI MO 


S$ 6.00 


Mail order and payment to: All prices include postage 
and handling. Foreign orders 
THE PLANETARY SOCIETY add $3.00 for additional postage 
California residents add 6% 
P.O. Box 91327 sales tax. Los Angeles County 
residents add an additional 
Pasadena, CA 91109 Vo% transit tax 
NAME 
ADDRESS a 
CITY — 
STATE ZIP 
Total 
Enclosed $ Check one: (1 VISA ( MasterCard 
ACCOUNT NUMBER EXPIRATION DATE 
SIGNATURE 


Please allow six weeks for delivery Facsimiles of this form may be used for additional orders 


SSSEDTET.EXT._EG_ ACGME ASS 


Officers of The Planetary Society do not receive any proceeds from sales of books of which they are authors and contributors 


ASTRONAUT AT MOUNT HADLEY — With the introduction of the Lunar Rover on the Apollo 15 mission, 
astronauts were able to expand their sample collecting across wide areas of the Moon. In this drawing, 
astronaut David Scott returns rocks collected at the foot of Mount Hadley (background) to the Rover. 


Robert Kline is a staff artist at the Griffith Observatory in Los Angeles where he works on museum 
displays and planetarium shows. He recently designed the logo of the International Association 
of Astronomical Artists. 


We understand that some of our members did not receive the January/February 1984 issue of The Planetary Report 
hecause the labels failed to adhere to the magazine. If you did not receive your issue, please send a postcard to: 
Mailing Section, P.O. Box 5406, Carson, CA 90749-5406, and we will send you a replacement. 
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